Highlights of a multiyear effort to develop new or improved thin -film, optical-coating materials through the use of reactive sputtering techniques are presented.
Introduction
Thin film deposition by sputtering employs large -area, flat -plate sources which are bombarded by inert gas ions when an rf or dc potential is applied to the source.
Bombardment results in "sputtering" or atom -byatom removal of material from the source and subsequent transfer to a substrate, usually located in planeparallel proximity. Thin films of virtually any metal (Ag, Ti, Flo, etc.) or elemental dielectric (Si, Ge, etc.) can be deposited by sputtering from a source of the same material using Ar or Kr inert gas. Addition of a reactive gas such as 02, N2 or H2 to the Ar or Kr permits deposition of oxides, nitrides and hydrides from metallic or elemental dielectric sources. For example, a Si source can be used with Ar, Ar + 02, Ar + N2 and
Ar + H2 to deposit thin films of Si, Si02, Si3N4 and Si:H alloys. Compared to conventional evaporative techniques for depositing thin films, sputtering generally provides improved control over the properties of conventional coating materials. Sputtering also makes possible the deposition of new coating materials with complex compositions that cannot be made by evaporation.
The use of sputtering specifically for the improvement of optical coatings has been under development at Pacific Northwest Laboratory for the past five years. During this time, many significant gains have been made in control of the optical, structural and compositional properties of optical coatings, and several exciting techniques have been developed for synthesis of new materials and fabrication of complex multilayer coatings.
The purpose of this paper is to report highlights of these developments. The wide range of oxide, nitride and elemental semiconductor materials investigated is reviewed, and specific examples of structure or composition control that resulted in significant coating performance improvement are presented for Ti02, Si:H alloys and ITO conductive coatings. Novel techniques for fabricating multilayer coatings are described, and performance results for all-dielectric and dielectric-enhanced reflectors are presented. In addition, general features of the sputtering apparatus are described, and comparison is made with conventional evaporative approaches.
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Introduction Thin film deposition by sputtering employs large-area, flat-plate sources which are bombarded by inert gas ions when an rf or dc potential is applied to the source. Bombardment results in "sputtering" or atom-byatom removal of material from the source and subsequent transfer to a substrate, usually located in planeparallel proximity. Thin films of virtually any metal (Ag, Ti, Mo, etc.) or elemental dielectric (Si, Ge, etc.) can be deposited by sputtering from a source of the same material using Ar or Kr inert gas. Addition of a reactive gas such as CL, N^ or hL to the Ar or Kr permits deposition of oxides, nitrides and hydrides from metallic or elemental dielectric sources. For example, a Si source can be used with Ar, Ar + 0^, Ar + ^ and Ar + Hp to deposit thin films of Si, SiCL, Si 3!% anc* Si :H alloys. Compared to conventional evaporative techniques for depositing thin films, sputtering generally provides improved control over the properties of conventional coating materials. Sputtering also makes possible the deposition of new coating materials with complex compositions that cannot be made by evaporation.
The use of sputtering specifically for the improvement of optical coatings has been under development at Pacific Northwest Laboratory for the past five years. During this time, many significant gains have been made in control of the optical, structural and compositional properties of optical coatings, and several exciting techniques have been developed for synthesis of new materials and fabrication of complex multilayer coatings. The purpose of this paper is to report highlights of these developments. The wide range of oxide, nitride and elemental semiconductor materials investigated is reviewed, and specific examples of structure or composition control that resulted in significant coating performance improvement are presented for Ti0 2 , Si:H alloys and ITO conductive coatings. Novel techniques for fabricating multilayer coatings are described, and performance results for all-dielectric and dielectric-enhanced reflectors are presented. In addition, general features of the sputtering apparatus are described, and comparison is made with conventional evaporative approaches.
Sputtering apparatus Figure 1 is a schematic diagram of the type of diode sputtering apparatus used for most optical coating work.
Sputtering sources are made from high -purity metal plates, vacuum -cast or melt -grown semiconductors, or hot -pressed oxides.
Sources are metal brazed or epoxy bonded to an rf or dc electrode which is water cooled during deposition. Source diameters are presently 6 inch and 9 inch, and a 16-inch -source system is being designed. The substrate table is generally the same diameter as the source, is water cooled and /or electrically heated, and is located about 1.5 inch from the source in a plane-parallel arrangement.
A shutter is used to preclean and condition the source surface before coating deposition. Coating thickness uniformity is controlled primarily by the ratio of source diameter to source -substrate spacing. Thickness uniformity of + 1% is achievable over substrate diameters of 4 and 7 inches for source diameters of 6 and 9 inches, respectively.
Uniformity of + 1% is expected over 14 inches for the 16 -inch system. No substrate rotation or movement is necessary. This situation contrasts markedly with that of point-source evaporative approaches where substrate rotation /movement is often necessary and where thickness uniformity is determined by the ratio of substrate diameter to source -substrate spacing. Scale -up to larger diameters is also conceptually simpler for sputtering than for evaporation. In sputtering, only the source diameter changes while the sourcesubstrate spacing remains essentially fixed. In evaporative approaches, substrate rotation /movement becomes increasingly difficult for larger substrates.
Any variety of inert gases such as Ar or Kr or reactive gases such as N2, 02, H2 can be introduced from a manifold and valving arrangement such as that shown in Figure 1 . Gas purity is usually 99.999% or better.
Capacitance manometers must be used in place of gauges with hot filaments whenever 02 is used. Gas flow meters are also frequently used. Operating pressures range from 1 to 150 mTorr, but pressures between 1 and 20 mTorr are most common by far. With evaporative approaches, operating pressures are much lower, but source -substrate spacing is much larger. Recall that the probability of collisions between gas atoms and atoms emitted from the source is proportional to the product of gas pressure and source -substrate spacing.
The sputtering systems used for this work are mounted on conventional mechanical and oil diffusion pumps.
High-efficiency liquid-nitrogen cold traps'are used between the chamber and diffusion pump to increase the pumping speed for water and to minimize diffusion pump backstreaming. A variable orifice is used between the diffusion pump and the cold trap so that the pump inlet can be throttled when the sputtering gas is introduced without decreasing the pumping speed for water. With the orifice fully open, the chamber pumps to a pressure near 10 -7 torr.
The structure, composition and properties of any optical coating material deposited depend on the exact deposition conditions used. As with evaporative approaches, substrate temperature and deposition rate are important conditions for sputtering. However, several other conditions are also important to sputtered coatings.
These include the sputtering gas pressure, sputtering gas composition and potential of the substrate relative to the plasma ( "bias voltage "). The large number of conditions that can be controlled with sputtering permits greater control and flexibility in coating structure, composition and properties.
On the other hand, systematic variation of many deposition conditions sometimes complicates coating optimization. Sputtering apparatus Figure 1 is a schematic diagram of the type of diode sputtering apparatus used for most optical coating work. Sputtering sources are made from high-purity metal plates, vacuum-cast or melt-grown semiconductors, or hot-pressed oxides. Sources are metal brazed or epoxy bonded to an rf or dc electrode which is water cooled during deposition. Source diameters are presently 6 inch and 9 inch, and a 16-inch-source system is being designed. The substrate table is generally the same diameter as the source, is water cooled and/or electrically heated, and is located about 1.5 inch from the source in a plane-parallel arrangement. A shutter is used to preclean and condition the source surface before coating deposition. Coating thickness uniformity is controlled primarily by the ratio of source diameter to source-substrate spacing. Thickness uniformity of +_ 1% is achievable over substrate diameters of 4 and 7 inches for source diameters of 6 and 9 inches, respectively. Uniformity of +_ 1% is expected over 14 inches for the 16-inch system. No substrate rotation or movement is necessary. This situation contrasts markedly with that of point-source evaporative approaches where substrate rotation/movement is often necessary and where thickness uniformity is determined by the ratio of substrate diameter to source-substrate spacing. Scale-up to larger diameters is also conceptually simpler for sputtering than for evaporation. In sputtering, only the source diameter changes while the sourcesubstrate spacing remains essentially fixed. In evaporative approaches, substrate rotation/movement becomes increasingly difficult for larger substrates.
Sputtered materials
Any variety of inert gases such as Ar or Kr or reactive gases such as N£, 02, H£ can be introduced from a manifold and valving arrangement such as that shown in Figure 1 . Gas purity is usually 99.999% or better. Capacitance manometers must be used in place of gauges with hot filaments whenever CL is used. Gas flow meters are also frequently used. Operating pressures range from 1 to 150 mTorr, but pressures between 1 and 20 mTorr are most common by far. With evaporative approaches, operating pressures are much lower, but source-substrate spacing is much larger. Recall that the probability of collisions between gas atoms and atoms emitted from the source is proportional to the product of gas pressure and source-substrate spacing.
The sputtering systems used for this work are mounted on conventional mechanical and oil diffusion pumps. High-efficiency liquid-nitrogen cold traps'are used between the chamber and diffusion pump to increase the pumping speed for water and to minimize diffusion pump backstreaming. A variable orifice is used between the diffusion pump and the cold trap so that the pump inlet can be throttled when the sputtering gas is introduced without decreasing the pumping speed for water. With the orifice fully open, the chamber pumps to a pressure near 10" torr.
The structure, composition and properties of any optical coating material deposited depend on the exact deposition conditions used. As with evaporative approaches, substrate temperature and deposition rate are important conditions for sputtering. However, several other conditions are also important to sputtered coatings. These include the sputtering gas pressure, sputtering gas composition and potential of the substrate relative to the plasma ("bias voltage"). The large number of conditions that can be controlled with sputtering permits greater control and flexibility in coating structure, composition and properties. On the other hand, systematic variation of many deposition conditions sometimes complicates coating optimization. Table 1 is testimony to the tremendous versatility of sputtering. Tabulated here are optical coating materials successfully deposited by sputtering at PNL. Also included are the useful transmission range, the mid-range refractive index and other important physical properties of each coating material. Included with the oxides is ITO, which is sputtered from a mixed oxide source of In203 + Sn02 or from a In:Sn alloy source.
Conductive coatings with resistivity as low as 4 x 10 -4 Ohm cm (sheet resistance of°1 0 Ohms /square for a 4000 A thickness) are routinely made with high transmission in the visible and near infrared spectral regions.
Also included in Table 1 II -VI compounds such as CdS, CdTe and ZnSe have also been sputtered. In these cases, deposition occurs entirely by physical sputtering since no reactive species is added to the inert sputtering gas.
Much of the versatility sputtering provides to coating material selection arises from the atom -by -atom nature of the momentum -transfer process.
Virtually any inorganic material can be sputtered by ion bombardment.
This situation contrasts markedly with evaporative approaches for which a material must be heated to temperatures sufficient to produce a significant vapor pressure. Reaction between the crucible and the starting material does not occur with sputtering. In addition, deposition -rate control is inherently superior since, with sputtering, the rate is essentially linear in power applied to the source, while with evaporation the rate varies exponentially with the temperature to which the crucible is heated electrically or by electron bombardment.
Structure and composition control Grain sizes near 10 nm are obtained for lower temperatures, increasing to about 30 nm near 600 °C.
Larger grains are obtained by taking advantage of plasma heating of the substrate at higher target power levels, as shown in the inset for a nominal substrate temperature of 450 °C. Grain size increases with power density to 60 nm near 8 W /cm2. At still higher power levels, grain size decreases due to inhibition of lateral grain growth by high deposition rates. The data in this figure were obtained by both x -ray diffraction and transmission electron microscopy techniques. Agreement between the two is good for the larger grain sizes and fair for the smaller.
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Included with the oxides is ITO, which is sputtered from a mixed oxide source of In 9 CL + Sn0 9 or from a _4 L 6 L Iri:Sn alloy source. Conductive coatings with resistivity as low as 4 x 10
Ohm cm (sheet resistance of o 10 Ohms/square for a 4000 A thickness) are routinely made with high transmission in the visible and near infrared spectral regions.
Also included in Table 1 are several nitride materials, a carbide and two hydrides. In most cases, the same elemental metal or semiconductor source used for reactive sputtering of the oxides of that element can also be used to deposit the nitride, carbide or hydride by substitution of Np 9 CH or HL for 0 2 in the sputtering gas. Particularly exciting cases are Si and Ge. With a single Si source, five different optical coating materials can be made by simple exchange of the reactive gas component. These materials include Si, SiOp, Si^N Si:H and SiC. Their refractive indices cover a very wide range from 1.45 to 3.6 and their useful transmission ranges span the spectrum from the ultraviolet to the far infrared. With a Ge source, coatings of Ge, GeO^, Ge^N. and Ge:H have been made. For this materials system, refractive indices range from 1.61 to 4.08 and high/low index pairs are available for use throughout the infrared.
II-VI compounds such as CdS , CdTe and ZnSe have also been sputtered. In these cases, deposition occurs entirely by physical sputtering since no reactive species is added to the inert sputtering gas.
Much of the versatility sputtering provides to coating material selection arises from the atom-by-atom nature of the momentum-transfer process. Virtually any inorganic material can be sputtered by ion bombardment. This situation contrasts markedly with evaporative approaches for which a material must be heated to temperatures sufficient to produce a significant vapor pressure. Reaction between the crucible and the starting material does not occur with sputtering. In addition, deposition-rate control is inherently superior since, with sputtering, the rate is essentially linear in power applied to the source, while with evaporation the rate varies exponentially with the temperature to which the crucible is heated electrically or by electron bombardment.
Structure and composition control TiO coatings
An excellent example of the structure and microstructure control possible with sputtering is provided by 1 2 recent accomplishments ' with TiO ? optical coatings. In this work, sputter deposition permitted excellent control and reproducibi lity of the phase composition and grain size, allowing rapid optimization of refractive index and laser damage resistance. Figure 2 shows that TiO^ phase compositions ranging from 40% rutile/60% anatase to 100% rutile can be reproducibly obtained by sputtering. Phase composition is controlled by substrate temperature and 02 partial pressure, as shown in this phase-composition diagram. Intermediate substrate temperatures yield mixed-phase coatings with rutile contents given by the numbers in the circles. Rutile content increases with the 02 partial pressure. Rutile coatings are obtained for lower and higher temperatures. The occurrence of the rutile phase over a wide range of temperatures when high 0 2 pressures are used permits variation of the grain size from 10 to 60 nm by appropriate selection of the substrate temperature. For mixed-phase coatings, grain sizes are restricted to 10 to 30 nm since mixed phases are obtained over a narrower temperature range. Figure 3 shows how the substrate temperature can be used to control the average grain size of rutile coatings. Grain sizes near 10 nm are obtained for lower temperatures, increasing to about 30 nm near 600°C. Larger grains are obtained by taking advantage of plasma heating of the substrate at higher target power levels, as shown in the inset for a nominal substrate temperature of 450°C. Grain size increases with power o density to 60 nm near 8 W/cm . At still higher power levels, grain size decreases due to inhibition of lateral grain growth by high deposition rates. The data in this figure were obtained by both x-ray diffraction and transmission electron microscopy techniques. Agreement between the two is good for the larger grain sizes and fair for the smaller.
Coatings with a predominantly glassy structure, or a grain size much smaller than 10 nm, are obtained by applying 5 to 10% of the rf power to the substrate.
With substrate bias, glassy coatings are obtained regardless of the substrate temperature used. Thus by using substrate bias, substrate temperature and target power in the right combination, microstructure can be controlled from glassy to 60 nm grain size.
The influence of phase composition on refractive index and laser damage threshold was investigated by depositing TiO2 coatings with different phase compositions, but identical grain sizes, using the deposition conditions prescribed by Figure 2 . Results are summarized in Figure 4 and Table 2 .
Phase composition is found to have a small but significant influence on coating refractive index. Figure 4 shows the index at 1000 nm plotted as a function of rutile content. Since grain sizes in mixed -phase coatings are restricted to 10 to 30 nm, the data point shown for 100% rutile is the average index observed for these grain sizes.
Only a small variation of the index with phase composition is observed due to the closeness of the refractive indices of rutile and anatase. The apparent variation of the index is only 3 %, which is approximately equal to the scatter in the data points.
Phase composition does not appear to influence laser damage resistance. Table 2 summarizes damage thresholds for coatings having grain sizes between 10 and 15 nm. All laser damage measurements were made at Lawrence Livermore National Laboratory.
Note that for grain sizes in the range of 10 to 15 nm, little difference in damage threshold is apparent for 100% rutile coatings compared to coatings with a significant anatase content. Thus any phase composition may be selected for TiO2 optical coatings without compromising resistance to laser -induced damage.
Grain size, on the other hand, has been found to have a very significant influence on both the refractive index and the damage resistance of TiO2 coatings. The influence of grain size on the laser damage resistance of TiO2 coatings is shown in Figure 6 . There are two key results. First, damage resistance increases with decreasing grain size. Second, damage thresholds of 7 to 10 J /cm2 are obtained for glassy coatings. It is also interesting that damage threshold increased consistently with the amount of bias applied to the substrate. Thresholds of 7 to 10 J /cm2 are excellent for single -layer coatings, since the usually harmful effects of contamination at the substratecoating interface are not masked as they are in high reflector designs frequently used for laser damage testing. These sputtered coating thresholds are twice as high as those observed for evaporated single layers.
Sil -xHx coatings
An excellent example of how the precise composition control achievable with the reactive sputtering approach can be used to improve the optical properties of some coating materials is provided by recent work3'4 with Si1_xHx alloys. Sil_xHx is made by sputtering from a Si source in reactive Ar + H2 gas mixtures.
It is interesting that these materials cannot be made by conventional evaporation techniques. Molecular hydrogen (H2) will not react with Si. A plasma or discharge such as that employed for sputtering is required to first form atomic hydrogen (H) which will react chemically with Si.
The chemical composition of Sil_xHx (atom % H) is controlled primarily by the deposition rate and the partial pressure of H2 in the sputtering chamber during deposition.3,4 As shown in Figure 7 , low H contents are achieved at high deposition rates and low H2 partial pressures. High H contents are obtained at low Coatings with a predominantly glassy structure, or a grain size much smaller than 10 nm, are obtained by applying 5 to 10% of the rf power to the substrate. With substrate bias, glassy coatings are obtained regardless of the substrate temperature used. Thus by using substrate bias, substrate temperature and target power in the right combination, microstructure can be controlled from glassy to 60 nm grain size.
The influence of phase composition on refractive index and laser damage threshold was investigated by depositing Ti0 2 coatings with different phase compositions, but identical grain sizes, using the deposition conditions prescribed by Figure 2 . Results are summarized in Figure 4 and Table 2 .
Phase composition is found to have a small but significant influence on coating refractive index. Figure 4 shows the index at 1000 nm plotted as a function of rutile content. Since grain sizes in mixed-phase coatings are restricted to 10 to 30 nm, the data point shown for 100% rutile is the average index observed for these grain sizes. Only a small variation of the index with phase composition is observed due to the closeness of the refractive indices of rutile and anatase. The apparent variation of the index is only 3%, which is approximately equal to the scatter in the data points.
Phase composition does not appear to influence laser damage resistance. Table 2 summarizes damage thresholds for coatings having grain sizes between 10 and 15 nm. All laser damage measurements were made at Lawrence Livermore National Laboratory. Note that for grain sizes in the range of 10 to 15 nm, little difference in damage threshold is apparent for 100% rutile coatings compared to coatings with a significant anatase content. Thus any phase composition may be selected for Ti0 2 optical coatings without compromising resistance to laser-induced damage.
Grain size, on the other hand, has been found to have a very significant influence on both the refractive index and the damage resistance of TiO? coatings. Figure 5 shows the influence of grain size on the refractive index at 1000 nm for 100% rutile coatings. For large grain sizes the -2.5 index of bulk material is obtained. With decreasing grain size, the index drops to values as low as 2.0 for glassy coatings. The discovery of this relationship explains the wide range of index values reported in the literature for Ti0 2 coatings. By knowing this relationship, it is possible to preselect the refractive index of a coating for a particular application by choosing deposition conditions that give you small, intermediate, or large grain size. Alternatively, by measuring the refractive index of a coating, one can determine the grain size.
The influence of grain size on the laser damage resistance of Ti0 2 coatings is shown in Figure 6 . There are two key results. First, damage resistance increases with decreasing grain size. Second, damage thresh-2 olds of 7 to 10 J/cm are obtained for glassy coatings. It is also interesting that damage threshold 2 increased consistently with the amount of bias applied to the substrate. Thresholds of 7 to 10 J/cm are excellent for single-layer coatings, since the usually harmful effects of contamination at the substratecoating interface are not masked as they are in high reflector designs frequently used for laser damage testing. These sputtered coating thresholds are twice as high as those observed for evaporated single layers.
Si 1 _ xH x coatings
An excellent example of how the precise composition control achievable with the reactive sputtering approach can be used to improve the optical properties of some coating materials is provided by recent work3 ' 4 with Si, H alloys. Si-, H is made by sputtering from a Si source in reactive Ar + \\ gas mixtures.
I X X I X X ^-
It is interesting that these materials cannot be made by conventional evaporation techniques. Molecular hydrogen (HJ will not react with Si. A plasma or discharge such as that employed for sputtering is required to first form atomic hydrogen (H) which will react chemically with Si.
The chemical composition of Si-, H (atom % H) is controlled primarily by the deposition rate and the i-x x 24 partial pressure of H 2 in the sputtering chamber during deposition. ' As shown in Figure 7 , low H contents are achieved at high deposition rates and low hL partial pressures. High H contents are obtained at low deposition rates and high H2 partial pressures. H contents are determined by infrared spectrophotometric measurement of the Si -H stretching vibrational modes, which absorb strongly for wavelengths near 5 pm.
Vacuum -fusion or gas-evolution determinations can be used to corroborate the infrared findings.
Details of the measurements have been described elsewhere.5
The addition of H to Si coatings significantly reduces the absorption of the coatings at infrared wavelengths.
Reduced absorption is expected to result in improved transmission and higher laser damage threshold. Figure 8 shows the absorption coefficient at 1.06 pm wavelength plotted as a function of the H content from 0 to 35 atom %. These absorption measurements were deduced from spectrophotometer data for many coatings.
Note that conventional pure Si coatings (0 atom %) absorb strongly at 1.06 pm with a coefficient near 7000 cm -1.
Addition of H results in an exponential decrease in absorption. For 35 atom %, the coefficient is reduced two orders of magnitude to about 100 cm -1. This reduced absorption could permit the use of Si coatings at near infrared wavelengths previously not possible.
A similar decrease in absorption occurs at all infrared wavelengths between 1 and 3 pm. higher H contents appears likely.
Achievement of low absorption in Sil -xHx coatings requires that some compromise be made on refractive index.
As shown in Figure 10 , pure Si coatings exhibit at index of about 3.6 for wavelengths near 2 pm.
Addition of H results in a reduced index. For H contents near 35 atom % the index is reduced to about 2.0.
However, even for 20 atom % H the index is still greater than 3.0, and for 30 atom % H the index is greater than 2.5.
These index values compare very favorably with values for other infrared coating materials such as
ZnS, As2S3 and As2Se3, which are typically in the range of 2.0 to 2.5.
ITO conductive coatings
A third example of the very useful coating materials that can be controllably made by reactive sputtering is ITO.
ITO is a popular acronym for tin -doped indium oxide or In203:Sn. Very high conductivities can be achieved in transparent ITO coatings by proper selection of the Sn content and by careful control of a small oxygen deficiency relative to stoichiometric In203. deposition rates and high f-L partial pressures. H contents are determined by infrared spectrophotometric measurement of the Si-H stretching vibrational modes, which absorb strongly for wavelengths near 5 jam. Vacuum-fusion or gas-evolution determinations can be used to corroborate the infrared findings. Details of the measurements have been described elsewhere.
The addition of H to Si coatings significantly reduces the absorption of the coatings at infrared wavelengths. Reduced absorption is expected to result in improved transmission and higher laser damage threshold. Figure 8 shows the absorption coefficient at 1.06 |im wavelength plotted as a function of the H content from 0 to 35 atom %. These absorption measurements were deduced from spectrophotometer data for many coatings. Note that conventional pure Si coatings (0 atom %) absorb strongly at 1.06 p,m with a coefficient near 7000 cm" . Addition of H results in an exponential decrease in absorption. For 35 atom % 9 the coefficient is reduced two orders of magnitude to about 100 crrf . This reduced absorption could permit the use of Si coatings at near infrared wavelengths previously not possible.
A similar decrease in absorption occurs at all infrared wavelengths between 1 and 3 jim. Figure 9 shows calorimetry measurements made with a hydrogen fluoride (HF) laser operating near 2.7 jam wavelength. Shown for reference are absorption coefficient measurements previously reported for pure Si coatings prepared by several different techniques. Note that the coefficient for pure Si coatings is normally in the range of 20 to 80 cm" . A pure Si coating made by reactive sputtering was found to have a coefficient of 41 cm" , in good agreement with results for coatings made by other techniques. Addition of 12 atom % H, however, reduced the absorption coefficient to 3 cm" , a record low value for Si coatings. Further reduction in absorption at higher H contents appears likely.
Achievement of low absorption in Si-, H coatings requires that some compromise be made on refractive I x x index. As shown in Figure 10 , pure Si coatings exhibit at index of about 3.6 for wavelengths near 2 |j.m. Addition of H results in a reduced index. For H contents near 35 atom % the index is reduced to about 2.0. However, even for 20 atom % H the index is still greater than 3.0, and for 30 atom % H the index is greater than 2.5. These index values compare very favorably with values for other infrared coating materials such as ZnS, As^S-and As^Se^, which are typically in the range of 2.0 to 2.5.
A third example of the very useful coating materials that can be controllably made by reactive sputtering is ITO. ITO is a popular acronym for tin-doped indium oxide or IripCL'Sn. Very high conductivities can be achieved in transparent ITO coatings by proper selection of the Sn content and by careful control of a small oxygen deficiency relative to stoichiometric In^O^. Figure 11 shows both transmission and reflection spectra spanning the visible and near infrared spectral -4 regions for an ITO coating with a resistivity of 4 x 10 Ohm cm. Transmission of the bare glass substrate is indicated by the upper dashed curve. Transmission in the visible range, as shown by the solid curve, is about 80% for the coated substrate. This transmission is remarkable in view of the fact that the coating resistivity is only about 50 times higher than that of pure In metal. At wavelengths longer than 1 jim, transmission drops due to free carrier aabsorption associated with the metallic properties of the coating. The transmission drop is accompanied by a rise in reflectivity as indicated by the lower dashed curve. The reflectivity rises to about 90% for wavelengths of 5 to 10 jim. Higher visible transmission can be achieved through the use of thinner coatings or higher resistivities. For example, a resistivity of 4 x 10 Ohm cm results in about 90% visible transmission and shifts the infrared absorption tail to wavelengths longer than 3 [am. Note that a resistivity of 4 x 10 Ohm cm and a coating thickness of 0.4 IJJTI is equivalent to a sheet resistance of 10 Ohms/square. These low sheet resistance values make ITO coatings very attractive for applications such as contacts in electro-optic devices, coatings for electromagnetic or rf shielding, or for other situations where both conductivity and optical transmission are required. It is also important to point out that sputtered ITO coatings have shown unexpectedly high laser damage thresholds. Figure 12 shows that the resistivity of ITO coatings can be controlled from 4 x 10 -4 to about 104 Ohm cm when the source composition is In203 + 9 mole % Sn02 and glass substrates are used.
High resistivities are obtained at high 02 partial pressures and low rf power densities applied to the source. Low resistivities are obtained at low 02 partial pressures and high power densities. The power density controls deposition rate and thus the time available for In and Sn to fully oxidize. The power density and the 02 partial pressure together thus control the oxygen deficiency necessary for conductive coatings.
Multilayer coating fabrication
In spite of the excellent control of the materials and optical properties achievable for many optical coatings with reactive sputtering, the sputtering approach would not be useful unless multilayer coatings consisting of two or more alternating materials could be made with precise control of the individual layer thicknesses and optical properties. Accordingly, several examples of successfully fabricated multilayer structures are provided here and the methods for making them are described. Figure 13 shows the reflectance of an all-dielectric mirror (high reflector) made from Si:H and Si02 for use at the infrared iodine laser wavelength of 1.315 µm. The mirror was made using the apparatus of Figure 1 .
The mirror has nine coating layers and consists of the structure S(HL)4H, where S is the fused silica substrate, H denotes a Si:H layer with quarter wavelength thickness at 1.315 and L is a quarter wave of
Alternating layers of quarter wave thickness for high and low index materials are well known to result in high reflectance by constructive interference of appropriate wavelength light reflected from the various layer interfaces. The Si:H layer has 8 atom % H and was made using the techniques described here previously.
Preparation and properties of SiO Figure 14 shows that similar high reflectors can be made at visible wavelengths using the same gasswitching techniques if N2 is substituted for H2 to form Si3N4. Figure 14 shows both reflection and transmission spectra for a 31 -layer structure consisting of SLL(HL)T3HLL, where S is the fused silica substrate, H is a quarter wave of Si3N4 at 540 nm wavelength, and L is a quarter wave of Si02. Visible high reflectors of this type are useful for many lasers operating at these wavelengths and, in particular, for He:Ne laser gyro applications.
Finally, Figure 15 shows the reflection spectrum for a Zr02 /Si02 high reflector tuned for use at the Nd:YAG laser wavelength of 1.06 µm. This mirror consists of 19 layers in the structure S(H,L)9H, where S is the substrate, H is a quarter wave thickness of Zr02 at 1.06 µm wavelength, and L is a quarter wave of Si02.
Excellent agreement of the measured reflectance spectrum shown in Figure 15 with that calculated numerically on a computer demonstrates the level of coating refractive index and thickness control achievable with sputtering.
Structures of the type displayed in Figure 15 , which consist of two alternating coating materials that are fabricated with different source materials, are fabricated in a sputtering system containing two sources and a substrate holder that can be rotated to face one source and then the other. For example, the system used to fabricate the mirror of Figure 15 contained a Zr source and a Si source and the sputtering gas consisted of an Ar + 02 mixture that was not changed during multilayer fabrication. Between layers, sputtering is briefly stopped as the substrate is rotated from one source to another. Two -source systems permit use of many coating materials combinations selected from those compiled in Table 1 . Figure 12 shows that the resistivity of ITO coatings can be controlled from 4 x 10 to about 10 Ohm cm when the source composition is In 2 0 3 + 9 mole % Sn0 2 and glass substrates are used. High resistivities are obtained at high 0 2 partial pressures and low rf power densities applied to the source. Low resistivities are obtained at low 0^ partial pressures and high power densities. The power density controls deposition rate and thus the time available for In and Sn to fully oxidize. The power density and the 0 2 partial pressure together thus control the oxygen deficiency necessary for conductive coatings.
In spite of the excellent control of the materials and optical properties achievable for many optical coatings with reactive sputtering, the sputtering approach would not be useful unless multilayer coatings consisting of two or more alternating materials could be made with precise control of the individual layer thicknesses and optical properties. Accordingly, several examples of successfully fabricated multilayer structures are provided here and the methods for making them are described. Figure 13 shows the reflectance of an all-dielectric mirror (high reflector) made from Si:H and SiOp for use at the infrared iodine laser wavelength of 1.315 jam. The mirror was made using the apparatus of Figure 1 . The mirror has nine coating layers and consists of the structure S(HL) H, where S is the fused silica substrate, H denotes a Si:H layer with quarter wavelength thickness at 1.315 |.im, and L is a quarter wave of Si0 2 . Alternating layers of quarter wave thickness for high and low index materials are well known to result in high reflectance by constructive interference of appropriate wavelength light reflected from the various layer interfaces. The Si:H layer has 8 atom % H and was made using the techniques described here previously. o Preparation and properties of SiO^ have been described elsewhere.
Multilayers of this type can be made simply and elegantly by continuously sputtering from a pure Si source while alternating the introduction of H^ and 0 2 reactive gases at precise time intervals using the manifold and valve arrangement of Figure 1 . Note that very high reflectance and a broad, flat reflectance peak are obtained with only nine layers because of the very high refractive index contrast between Si02 and Si:H. Figure 14 shows that similar high reflectors can be made at visible wavelengths using the same gasswitching techniques if Np is substituted for HL to form Si-N*. Figure 14 shows both reflection and transmission spectra for a 31-layer structure consisting of SLL(HL) HLL, where S is the fused silica substrate, H is a quarter wave of Si^N, at 540 nm wavelength, and L is a quarter wave of Si0 2 . Visible high reflectors of this type are useful for many lasers operating at these wavelengths and, in particular, for HerNe laser gyro applications.
Finally, Figure 15 shows the reflection spectrum for a Zr0 0 /Si0 9 high reflector tuned for use at the Nd:YAG 9 laser wavelength of 1.06 |im. This mirror consists of 19 layers in the structure S(H,L) H, where S is the substrate, H is a quarter wave thickness of Zr0 2 at 1.06 |im wavelength, and L is a quarter wave of Si0 2 . Excellent agreement of the measured reflectance spectrum shown in Figure 15 with that calculated numerically on a computer demonstrates the level of coating refractive index and thickness control achievable with sputtering. Structures of the type displayed in Figure 15 , which consist of two alternating coating materials that are fabricated with different source materials, are fabricated in a sputtering system containing two sources and a substrate holder that can be rotated to face one source and then the other. For example, the system used to fabricate the mirror of Figure 15 contained a Zr source and a Si source and the sputtering gas consisted of an Ar + 0 ? mixture that was not changed during multilayer fabrication. Between layers, sputtering is briefly stopped as the substrate is rotated from one source to another. Two-source systems permit use of many coating materials combinations selected from those compiled in Table 1 O NWC EVAPORATION [6] O NWC MAG. SPUTTER [6] NWC RF SPUTTER 102 [6] 0.1 Record low absorption coefficient for Si:H coating at 2.7 µm wavelength A rr 
